X-ray photoelectron and absorption spectra of C 78 isomers have been generated using density functional theory with inclusion of the full core-hole potentials. Strong isomer dependence has been found in absorption, but not in the photoelectron spectra. C 78 isomers can be thought to be formed by inserting 18 carbon atoms into an opened C 60 . We have shown how the different local arrangements of these 18 carbon atoms are responsible for the significant isomer dependence observed. Our calculated spectra are in excellent agreement with the experimental counterparts.
I. INTRODUCTION
The discovery of fullerenes 1 ushered in an era of fascinating studies, both theoretical and experimental, on the pleasing geodesic structures and the interesting chemical and physical properties of this new class of molecules. Straightforward preparation of macroscopic amounts of the two smallest members of the fullerene family, namely, C 60 and C 70 , has favored abundant investigations, which, in turn, have led to a relatively thorough picture of the properties of C 60 and C 70 . On the other hand, the difficulties encountered in the production and purification of the higher members of the fullerene family have strongly limited a comprehensive insight of the properties of larger fullerenes. Moreover, these large fullerenes can exist in different isomeric forms, whose rather difficult separation has contributed to shackle extensive investigations on their properties. So far, mostly 13 C nuclear magnetic resonance studies have been employed in order to characterize the various isomers of higher fullerenes, [2] [3] [4] [5] [6] [7] and to a smaller extent infrared, Raman, and electronic spectroscopies. 8, 9 In the specific case of C 78 , five different isomers are predicted to exist by the isolated-pentagon rule. 10 Two of these five isomers have D 3h symmetry and have never been observed experimentally. The other three have been isolated and characterized; [3] [4] [5] one has D 3 symmetry and the remaining two interestingly belong to the same point group C 2v differing only in the number of no equivalent atoms and overall geometric appearance. Studies on the electronic structure of these two C 2v isomers have recently been performed through the use of electron-energy loss spectroscopy and ultraviolet photoemission spectroscopy.
11 Different features are present in the two C1s excitation spectra for the C 2v isomers and in principle these spectroscopical properties can be employed as a tool to distinguish and characterize the different isomeric forms of higher fullerenes.
In the present paper, we explore the carbon K-shell (1s) excitation spectra for the D 3 and C 2v isomers of C 78 by means of quantum chemical calculations and we discuss the sensitivity of x-ray absorption ͑XA͒ spectra to the different isomeric forms. Isomer sensitivity of ionization potentials, corresponding to the x-ray photoelectron spectroscopy ͑XPS͒, is also considered.
Spectra are computed using density functional theory ͑DFT͒, allowing inclusion of exchange and correlation effects at a reasonable computational cost that has proved to be a powerful method for the study of XA spectra ͑XAS͒.
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Previous investigations on C 60 and C 70 ͑Ref. 14͒ showed that the method provides accurate oscillator strengths for those cases where valence orbitals are highly delocalized and for which excitonic effects can be present, e.g., fullerenes.
II. THEORETICAL DETAILS
The fullerenes considered in this work were fully geometry optimized using density functional theory at the B3LYP/ 6-31G level using the GAUSSIAN 98 suite of programs. 16 The obtained geometries are then used for generation of XAS and x-ray photoelectron spectra. For this purpose we used the program DEMON 17 that implements the Kohn-Sham approach to DFT at the gradient corrected generalized gradient approximation ͑GGA͒ level, in this case with the exchange functional by Perdew and Wang 18 combined with the correlation functional by Perdew. 19 The choice of this exchangecorrelation potential has previously proven to provide excellent oscillator strengths in comparison to experiments.
14 The computational approach used in this paper follows the static exchange approximation 20 within a full core-hole potential representing the excited states. For this full core-hole potential we first generate the total density in a good molecular basis set, and then diagonalize the Kohn-Sham matrix in a much larger basis set consisting of additional (19s, 19p, 19d) diffuse functional basis, which is added onto the molecular basis set where the core-hole is located ͑correspond-ing to the atom where the excitation occurs͒. In the present paper the electronic minimization, which generates the occu-pied electron density, is obtained by using the iglo-iii basis set of Kutzelnigg et al. 21 for the excited carbon, and fourelectron effective core potentials 22 for the other atoms. The intensities of the x-ray absorption spectral lines are derived from the computed dipole transition moments for excitations from the core (C1s). The use of the full core-hole potential gives excellent transition moments for evaluation of XAS intensities as well as good relative energy positions of the intensities for similar systems.
14 In order to obtain also absolute energy positions of the peaks, the spectra are calibrated so that the first spectral feature, corresponding the transition to the lowest unoccupied orbital ͑LUMO͒ coincides with the calculated excitation energy of the C1s to the LUMO. This is obtained by using a ⌬KS ͑Kohn-Sham͒ scheme involving the calculation of the energy difference between the ground state and the fully optimized coreexcited state. Note that this calibration is done without any comparison with experiment, which makes it a powerful predictive tool. Ionization potentials ͑IP's͒ are also computed using the ⌬ KS scheme, that is, as the energy difference between the ground state and the fully optimized core-ionized state. The relativistic correction has been taken into account. The XA spectra are brought into a final form using a Gaussian function with full width at half maximum ͑FWHM͒ of 0.5 eV in order to convolute the oscillator strengths before the IP, while in the continuum, above the IP, the spectra are obtained by means of a Stieltjes imaging approach. 23, 24 XPS spectra are simply generated from the computed IP's of the different symmetry independent carbon atoms through a convolution with a Gaussian function of FWHMϭ0.15 eV.
III. RESULTS AND DISCUSSIONS

A. Structures
The structures of the three isomers, labeled C 2v -C 78 ͑the isomer with 21 independent carbon atoms͒ C 2v Ј -C 78 ͑the isomer with 22 independent carbon atoms͒, and D 3 -C 78 ͑the isomer with 13 independent carbon atoms͒ are shown in Fig.  1 , where some statistics of the computed bond lengths are reported as well. The calculations are in agreement with previous investigations, 25 where the C 2v -C 78 isomer was found to be less stable than C 2v Ј -C 78 , but more stable than the D 3 -C 78 isomer. In the present paper we have found that the energy of the C 2v -C 78 isomer is about 6.34 kcal/mol higher than the C 2v Ј -C 78 isomer, and 3.14 kcal/mol lower than the D 3 -C 78 isomer. It is widely used to group the carbon atoms of fullerenes according to the local environment. Three types of carbon sites are commonly distinguished: 3, 26 ͑1͒ the pyracylene site, where the carbon atom lying in a pentagon is joined through an exo bond to another pentagon; ͑2͒ the corannulene site where the carbon atom lying in pentagon ring is joined through an exo bond to a hexagon; ͑3͒ the pyrene site where the carbon is part of three hexagons. By considering the structure of a large fullerene as generated from C 60 , it is to be noted that the pyracylene and corannulene sites are originated from C 60 itself, while the pyrene site is introduced by the extra carbons that have been added to the C 60 molecule to form the larger fullerene. The different combinations of the pyracylene and corannulene sites result in the different isomers. For instance, there are 34 pyracylene sites and 26 corannulene sites for C 2v -C 78 , and 26 pyracylene sites and 34 corannulene sites for C 2v Ј -C 78 . The 60 nonpyrene atoms are instead divided in 36 pyracilene and 24 corannulene sites for D 3 -C 78 ͑Fig. 1͒.
B. Photoelectron Spectra
There are two distinct features in the XPS spectra of all three C 78 isomers, as demonstrated by the calculated photoelectron spectra presented in Fig. 2 . It is noticed that the carbon atoms that give rise to the peak at lower energies belong to the pyracylene and corannulene sites, while the peak at higher energy is associated with carbon atoms in the pyrene sites. This also explains the computed approximate 3:1 intensity ͑area͒ ratio for these two features. It indicates that within the higher fullerenes, the local environment changes have relatively small impact on the C1s ionization potentials of those 60 carbons originated from the C 60 , while the major chemical shifting is caused by the extra carbons that are added on. Such a feature might thus become useful to roughly distinguish different fullerenes.
Ionization energies of the C1s electron do not allow visible discrimination of the two isomers with the same symmetry, as shown in Fig. 2 , since C 2v -C 78 and C 2v Ј -C 78 generate almost identical XPS signals with two peaks arising at 289.9 eV and 290.3 eV. The isomer with D 3 symmetry produces a slightly different XPS spectrum, where the main spectral features appear broader than the corresponding features generated by the C 2v isomers. Consequentely XPS may in principle be employed as a tool to identify isomers with different symmetry.
C. X-ray Absorption Spectra
Of more interest to us are the C1s XA spectra where an electron is excited to the unoccupied molecular orbitals. The so-formed x-ray absorption spectra at the carbon K edge show specific transitions for each of the two isomers. In Fig.  3 the theoretical XA spectra of two C 2v isomers are compared with the corresponding experimental measurements.
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The total spectra are obtained by computing the XA spectra for the symmetry-independent atoms ͑21 carbons in one case and 22 in the other case͒ and summing up the different contributions scaled with the relative abundance of every type of carbon atom. The specific peaks that distinguish one isomer from another are correctly predicted by the calculations, which are thus accurate enough in order to mimic the variation of local environments of the independent carbons of the two isomers.
The analysis of the spectra of the two C 2v isomers is hampered by the high delocalization of the valence orbitals and the rather low symmetry of C 78 , as well as the elevated number of symmetry-independent atoms. In the discrete spectrum of C 60 , for which there is only one symmetryindependent carbon due to the icosahedral symmetry, only four electronic levels occur. Based on a ground-state picture these levels can be classified as t 1u , t 1g , t 2u , and h g in increasing energy order.
14 Such a degeneracy is removed in the C 2v structure of C 78 , allowing then a high number of different transitions.
A comparison between the spectrum of C 2v -C 78 and the one of C 2v Ј -C 78 suggests that, despite of the variety of possible transitions, the total spectra of both the isomers can still be reduced to the presence of three significant features. These features are pinpointed in Fig. 3 and in Table I we report the corresponding energies. The first and the third peaks ͑the peaks are numbered according to the order of appearance͒ arise distinctly in both the spectra, while the second feature, which is clear in the spectrum of C 2v Ј -C 78 is not readily perceived for C 2v -C 78 . The importance of that feature will be explained below. The first and the third peaks are separated by 1.8 eV for both isomers and the energies of these two transitions appear not to be much isomer depen- dent, being almost similar in the two spectra. In contrast, the relative position of the second peak depends on the isomeric form of C 78 ; this feature is lower in energy and closer to the first peak in C 2v -C 78 and higher in energy, closer to the second peak in C 2v Ј -C 78 . For the C 2v -C 78 fullerene, including 21 independent carbon atoms the energy separation between the first and the second peak is 0.8 eV, which increases to 1.3 eV for the other isomer. The peculiar behavior of this feature produces the main differences in the spectra of the two isomers and constitutes the isomer dependence of the XA spectra. Its origin can be understood from the decomposition of the total spectra of the isomers according to the classification of the carbon atoms given above, as shown in Figs. 4 and 5 .
The comparison of the decomposed spectra with the corresponding total ones shows that, for both the isomers, the first and the third peaks are significantly contained in the spectra originated by the pyracylene and the corannulene sites. The second peak instead stems primarily from excitations of the pyrene component, that is, by the carbon atoms that only connects to hexagon rings. Mulliken population analysis of the orbitals confirms that such a peak is associated with a molecular orbital originated from carbons lying only on hexagons. The second feature can thus reasonably be considered as the fingerprint of the specific isomer, allowing a distinction of the two fullerenes through the XA spectra. The pyrenelike carbon contribution in the spectra was discussed also in connection with the previous calculations performed on C 70 , 14 where a feature was found between the first and the third peaks, similar to the corresponding C 78 case ͑see Table I͒ , which can again be considered as a fingerprint of the fullerene. The second feature is indeed connected to the presence of carbons sharing three hexagons, and it determines the particular shape of the XA spectrum for C 70 .
Higher in energy, at around 287.8 eV, a less prominent feature arises in the experimental C 2v -C 78 spectrum, which is not present in the C 2v Ј -C 78 spectrum. At first sight calculations do not perform well for this peculiar feature since it is not accurately reproduced in the theoretical spectrum. However, further below we will discuss why the experimental spectrum of C 2v -C 78 does not allow a one-to-one comparison in the specific case of this feature. This fingerprint of the isomers is less pronounced than the intensity changes of the second peak mentioned above, so the conclusions that can be drawn from this higher-energy feature are more vague.
While calculations can accurately predict the position of the different peaks, and particularly the shift of the characteristic second peak in the two isomers, the experimental intensities are not exactly reproduced, which was also observed in the previous theoretical investigation of C 70 ; 14 for example, the intensity ratio between the third and the first feature is smaller than the experimental one. This behavior could be due to some vibronic coupling effects that are expected to be stronger in the region of the third feature due to the relatively high density of states present in this region. Consequently a broadening of this peak is expected if these effects are included, resulting in a decreased height of the peak itself. Further, relaxation effects could also contribute to alter the theoretical intensity ratio. 27 It is worth mentioning that after the full core-hole calculation, which gives the dipole moments and the relative energies of the different transitions, the whole spectra are shifted in order to include relaxation effects within a ⌬ KS scheme. The computational cost of these calculations and the large number of transitions ͑i.e., the large number of independent carbons͒ allow us to estimate the relaxation effects only for the first transition. We have, therefore, approximated the effects of final-state relaxations by shifting all the calculated spectra according to the relaxation effects relative to the first transition. This procedure is expected to work well for *-like features in the spectra, while for Rydberg-type orbitals smaller relaxation effects are expected. Slightly different relaxation for the orbitals at higher energies could produce a broadening of the peaks and a consequent lower peak height.
Recently we were informed that the experimental spectrum of C 2v -C 78 shown in Fig. 3 was not generated from the pure C 2v -C 78 isomer, and a possible D 3 -C 78 contamination was discovered. 28 It was revealed by the new experimental studies that the small feature around 288 eV in the old spectrum of C 2v -C 78 is actually associated with the D 3 -C 78 isomer. 28 Remarkably, the calculated XA spectrum of D 3 -C 78 isomer does show a distinct feature at 287.5 eV, which is nicely illustrated in Fig. 6 . This also explains why some difficulties were encountered in reproducing theoretically the feature arising at about the same energy in the C 2v -C 78 spectrum. Our calculation indicates that the contamination of D 3 -C 78 isomer can make the second spectral peak of C 2v -C 78 isomer broader, which is indeed what has been observed experimentally. Furthermore, the calculated spectrum of D 3 -C 78 isomer is found to be in excellent agreement with the corresponding experimental result. 28 It can thus be concluded from Fig. 6 that the identification of the isomers can be easily realized by using the XA spectra.
We find that these studies are encouraging in the sense that it is possible to accurately calculate XA intensities for such large systems as C 78 . However, we also wish to mention the difficulties of generating fullerene XA spectra based on a building-block principle. By inspection of Figs. 4 and 5, we find that it is impossible to generate the spectrum of one of the isomers by using the calculated spectral components of the other isomer and vice versa. Especially, the energy position of the spectral pyrene component seems to vary with the global arrangement of carbon atoms rather than just the three nearest neighbors.
IV. CONCLUSIONS
Theoretical XA spectra for three isomers of C 78 are in remarkable agreement with the corresponding experimental measurements. The calculations performed at the DFT level of theory allow us to highlight the origin of the main significant differences between the two spectra. Particularly, the carbon atoms present at the fusion of three hexagon rings ͑pyrene sites͒ generate a signal that is characteristic of the isomer, which is responsible for the specific shape of the spectrum.
